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Abstract

The “smooth” quantum hydrodynamic (QHD) model is an exten-
sion of the classical hydrodynamic model for semiconductor devices
which can handle in a mathematically rigorous way the discontinu-
ities in the classical potential energy which occur at heterojunction
barriers in quantum semiconductor devices. Smooth QHD model sim-
ulations of the current-voltage curve of a resonant tunneling diode
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are presented which exhibit negative differential resistance—the ex-
perimental signal for quantum resonance effects—and are compared
with the experimentally verified current-voltage curves predicted by
the simulator NEMO.

1 Smooth QHD Model Simulations

Quantum transport effects including electron or hole tunneling through po-
tential barriers and charge buildup in quantum wells can be incorporated
into the hydrodynamic description of charge propagation in semiconductor
devices. Refs. [1] and [2] present an extension of the classical hydrodynamic
model which can handle in a mathematically rigorous way the discontinu-
ities in the classical potential energy which occur at heterojunction barriers
in quantum semiconductor devices. This “smooth” quantum hydrodynamic
(QHD) model is valid to all orders of A?/(mTyl?) (where m is the effective
mass of electrons or holes, Tj is the ambient temperature, and [ is a typi-
cal length scale for the problem) and to first order in the classical potential
energy.

The smooth QHD equations have the same form as the classical hydro-
dynamic equations:
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where n is the electron density, u; is the velocity, m is the effective electron
mass, F;; is the stress tensor, V' is the potential energy, W is the energy
density, and ¢; is the heat flux. Boltzmann’s constant kg is set equal to 1.
Indices 7, j equal 1, 2, 3, and repeated indices are summed over. Electron
scattering is modeled by the standard relaxation time approximation, with
momentum and energy relaxation times 7, and 7.

The stress tensor and energy density are

’n 0%V
4mT0 83:Z 83:]-

Pij = —nTéij —



3 1 th —
_ 9 + 2, T o
W = 2n1 +2mnu +8m OV V (5)

where T is the temperature of the electron gas and the “quantum” potential
V is given by (8 = 1/Tp)
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incorporates both classical and quantum effects and is derived in Ref. [3] by
a Chapman-Enskog expansion. The quantum contribution to the heat flux
is necessary for internal consistency of the QHD model.

We model the relaxation times 7, and 7, by modified Baccarani-Wordeman
models
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and the coefficient x by
K = Kopnon1o (9)

where p,o is the low-field electron mobility, vs is the electron saturation
velocity, and kg > 0 is a phenomenological constant.

The transport equations (1)—(3) are coupled to Poisson’s equation for the
electrostatic potential energy

V- (eVVp) = €*(N —n) (10)

where € is the dielectric constant, e > 0 is the electronic charge, and N is the
density of donors. The total potential energy V consists of two parts, one
from Poisson’s equation Vp and the other from the potential barriers Vg:

V=Vp+Vp. (11)

Vg has a step function discontinuity at potential barriers.
To derive the stress tensor and energy density, we constructed a “quantum
Maxwellian” density matrix as an O(8V) solution to the Bloch equation.
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Then using the momentum-shifted quantum Maxwellian, we took moments
of the quantum Liouville equation to derive the smooth QHD equations [1].

There are two contributions to the quantum potential V: the double bar-
rier potential and the “self-consistent” electrostatic potential from Poisson’s
equation. Note that second derivatives of V' appear in the stress tensor and
energy density, which then are differenced in the smooth QHD transport
equations. Thus we compute

V' =V, + V. (12)

V'l; is just computed once since it only depends on the barriers and not on
. - . <5

the applied voltage or state variables (n, u, T, Vp). In computing Vp, we

first use Poisson’s equation to obtain
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The convolution (13) can be computed efficiently using discrete Fourier trans-
form algorithms.

We simulate a GaAs resonant tunneling diode with Aly3Gag7As double
barriers at 300 K. The barrier height is equal to 280 meV. The diode consists
of n™ source (at the left) and drain (at the right) regions with the doping
density N = 10" ¢cm™2, and an n channel with N = 5 x 10" cm™3. The
channel is 200 A long, the barriers are 25 A wide, and the quantum well
between the barriers is 50 A wide. Note that the device has 50 A spacers
between the barriers and the contacts.

In Fig. 1, the experimental signal of quantum resonance—negative dif-
ferential resistance (NDR), a region of the current-voltage (I-V) curve where

the current decreases as the applied voltage is increased—is displayed for the
smooth QHD model.

2 NEMO Simulations

The need for a resonant tunneling device modeling tool prompted a device
modeling project at the Central Research Laboratory of Texas Instruments



(which transferred to Raytheon Systems in 1997). NEMO was developed
as a general purpose quantum mechanics based 1D device design and anal-
ysis tool from 1993-97. The tool is available to US researchers by request
on the NEMO web site [9]. NEMO is based on the non-equilibrium Green
function approach, which allows a fundamentally sound inclusion of the re-
quired physics: band structure, scattering, and charge self-consistency. The
theoretical approach is documented in Refs. [10, 11] while some of the major
simulation results are documented in Refs. [12, 13, 14, 15, 16, 17]. NEMO
development is presently continued at the Jet Propulsion Laboratory towards
the modeling of light detection and emission devices.

The structure under consideration in this paper has been simulated using
NEMO as well. The central resonant tunneling diode (RTD) is described by
9 monolayer &~ 2.5 nanometer Alg3Gag7As barriers and a 18 monolayer ~
5.1 nanometer GaAs well. It is clad symmetrically by 18 monolayers of low
doping GaAs spacer of 5 x 10'® cm™ and 30 nanometer high doping contacts
of 10! ¢cm=3. The four NEMO simulations shown here in Fig. 2 are based on
three different band structure models: (1) single band effective mass model,
MGaas = 0.067 me, MmaGaas = 0.081 m,, and AE, = 284 meV, (2) single
band effective mass model with mgeas = Maigasas = 0.07 me, (3) two band
k - p with the parameters in (1) plus energy gaps AFEgqas = 1.424 eV and
AFEaigaas = 1.846 €V, and (4) a ten band sp3s* with AE, = 284 meV. The
potential in these simulations is based on a self-consistent Hartree potential
and includes the exchange energy within the LDA assumption.

The current-voltage characteristics based on the 2 band and 10 band
simulations appear a little more rounded close to the voltage peak at 0.15—
0.25 V compared to the single band simulation due to the full band numerical
transverse momentum integration performed in these two models. The single
band simulation is based on an analytic transverse momentum integration
(Tsu-Esaki) which neglects the different dispersions in the emitter potential
notch and the central RTD. Details of the effects of numerical transverse
momentum integration have been previously discussed in detail in Ref. [14].

The I-V peak position occurs roughly when the central RTD resonance
is lowered under the emitter subband by the applied bias. At zero bias the
central resonance is predicted at approximately 105-108 meV for all three
band models. That energy includes a built-in potential of about 30 meV
above the contact band edge due to the low doping in the central region.
Assuming a semiclassical charge distribution in the contacts and zero charge
in the central RTD, NEMO predicts a current peak at about 0.21 V (not
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shown here). Including Hartree self-consistency linearizes the I-V curve and
pushes the peak to a higher voltage [12, 14] at 0.25 V.

The four simulations differ mostly in the current density of the current
voltage peak at about 0.25 V and the higher voltage turn-on. The higher
current amplitude can be understood with arguments presented in Ref. [14]
where the imaginary bands in the AlGaAs barriers connect the conduction
to the valence band in the multiband models, thereby decreasing the wave
decay constant in the barrier compared to the single band model. The band
wrapping is stronger in the 10 band model than the 2 band model due to
the additional valence bands and spin-orbit coupling present in the more
complete 10 band model. The increased valley current and earlier turn-on
in the valley current can be explained by a similar argument as well as an
increased influence of band non-parabolicity in the GaAs as the voltage is
increased and higher energies are probed in the GaAs.

All four NEMO simulations do not treat any scattering inside the RTD
explicitly. We have found for high performance, high current density RTDs,
that at room temperature scattering effects due to polar optical phonons,
acoustic phonons and interface roughness [15, 16, 17] are negligible compared
to the first order band structure effects such as band wrapping and band non-
parabolicity. The aluminum content of the barrier material in this structure is
small enough and the barriers are thin enough that X states cannot influence
the current flow significantly. The valley current in this structure is entirely
due to thermionic transport through the second RTD state. Scattering is
included in the contacts (not the central RTD) through a relaxation rate
approximation through an optical potential of 1 meV [12].

The three different band structure models predict a peak current and
voltage that is close enough for all experimental /practical design purposes for
this particular structure. We explicitly note that this cannot be generalized
for all structures in the GaAs/AlGaAs material system, but it is due here
to the small barrier thicknesses. The predictions of the valley current and
the diode turn-on differ already significantly as discussed above. However,
for the simple exploration of the capabilities of the quantum hydrodynamic
model it is therefore justified to utilize a single band effective mass model.



3 Comparison and Conclusion

If we view the RTD NEMO simulations as an experimentally verified stan-
dard, we conclude that the hydrodynamic model predicts a current density
that is in excellent agreement but with a peak voltage that is too low, pri-
marily due to the fact that the hydrodynamic approximation only allows the
electrons in the drain to cool to near ambient temperature over a length
scale on the order of 100 nanometers (see Fig. 3). However the hydrody-
namic simulations do predict a negative differential resistance region which
will surprise many readers.

The particular structure of thin and shallow Aly3Gag.7As barriers chosen
here results in a large current density that is close to the very best current
densities (300-800 kA /cm?) that have been achieved experimentally in the
InP material system. Such high current densities are typically not achieved
in the GaAs system considered here. A current density of 300 kA/cm? at
a voltage of 0.25 V corresponds to a resistance of 8.3 x 107 7§2/cm? which
is close to world class contact resistances that can be achieved in the GaAs
material system. This implies that the structure simulated in this paper
would suffer from a large series resistance effect due to the alloyed contacts
which cannot be accounted for by scattering or mobility type simulations
in the high doping regions. It is noted that the target of this investigation
is not to design a better GaAs/AlGaAs RTD, but to present a quantum
hydrodynamic simulation of an RTD that roughly compares to a NEMO
simulation.
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Figure Captions

Figure 1: Current density in kiloamps/cm? vs. voltage comparing the smooth
QHD (blue) and (one band one effective mass) NEMO (dotted magenta)
models.

Figure 2: Current density in kiloamps/cm? vs. voltage for various NEMO
models: one band one effective mass (dotted magenta), and from the right
peak to the left peak, one band two effective masses (cyan), two bands two
effective masses (red), ten bands two effective mass (blue).

Figure 3: Smooth QHD simulation of electron temperature in €V in the RTD.
z is in 100 nanometers.
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Figure 1: Current density in kiloamps/cm? vs. voltage comparing the smooth

QHD (blue) and (one band one effective mass) NEMO (dotted magenta)
models.
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Figure 2: Current density in kiloamps/cm? vs. voltage for various NEMO
models: one band one effective mass (dotted magenta), and from the right
peak to the left peak, one band two effective masses (cyan), two bands two

effective masses (red), ten bands two effective mass (blue).
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Figure 3: Smooth QHD simulation of electron temperature in eV in the RTD.
z is in 100 nanometers.
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